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A MASS-DISTRIBUTION CRITERIOM FOR PRMlICTI196
Z- EIF~EOT 03 COIWROL MA191PULATIOl? Or
THE McOWERY FROM A SPIN
By A. 1. Meihouae
6UMMARY
[
Results of epin-tunnel tests of 65 models Indioated
that when the airplane design simulated that of the ear-
lier single-engine type, with mass distributed ahiefly
along the fuselage, aileron-with and elevator-up settings
aided recovery, and the rudder was the predominant oon-
trol for recovory. Wheu the design approached the deelgri
of multiongine airplanes (or the more recent elngle-engine
airplanes with wing tanks and wing armament) with the maea
distributed chiefly along the wings, however, aileron-
B,- _kagninst and elevator-down mettlnga were conducive to the
meet rapid recovery and the elevator was the predominant
control,
The primary importance of the mass distribution of
an airplane In determining its splnnlng characteristics
Is domozetrated and a useful criterion for predtctlng the
optimum control manipulation for recovery, based on a non-
dimensional mass-distribution ~arameter, is presented.
Charts that should be useful for suoh predictions to both
the pilot and the deeigner are included.
;)
INTRODUCTION?
.
During the past 5 years, 66 models, repreeentlng air-
planee aoverlng a.wide range of disnensional and maaa &e-
algn charactoriatioa, have been tested In the IUCA free-
spinning wind tunnel. Aa ia to be expected, these models
have shown varied spin and recovery characteristic, re-
flecting the differences in the proportions and maas dis-
tribution of the models. A consistent difference, however,
in apln and recovery characterlst~cs waa early apparent
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between models heqvily loaded along the fcaelage ~nd those
lightly loaded ~long the fuselage, or heavily loaded along
the wings. In an effort to establleh mass distribution,
and not aerodynamic characteristlcs~ as the PrimarY fac-
tor causing this difference, a series of sgeciql tests wna
undertaken for many cf the modelst and results of Euch
tests hnvo been accumulated for 19 representative dssizns.
Tor these tests, the mass distribution of each model was
varlcd and modele Those uess distribution wqs orlgl:.elly
chiefly along the fuselnge were rsloadgd u~til the moss
was distributed cniefly along the wings. Uodols loaded
chiefly along the wings likewise had their mass distribu-
tion reversefi.
..
A qualitative analysis of ths results was obtained
fcr 65 models tested in the spin tunnel, as well as of “
the results of s?ecial toets for 19 of these mcdels.
Doflnite rulee have been formulated concerning the effecte
of control manipulation on tho recovery from the spin, as
influenced by the airpl~~e mass dititribution. A criterion
based on a nondlzenslonal mass-distribution parameter has
been established for predicting these effects.
The spin-testing technique in the 17ACA free-spluning
wind tunnel afid the construction of spin models are de-
scribed in detail in rsferenc~ 1. The models, constructed
of balsn~ arc ballasted for dxnamic similarity to tho cor- “
retiponding airplane by installation of proper weights at
suitable locntioas. An automatic clockwork delayed-action
mechaninm or a maguetlc romoto-control mechanism is in-
stalled in the model to nctuate the controls for recovery.
The mcdel with the rudder set with the spin is launched
in the sFin by hand into the vertical up~ard air stream of “
the tunnel. The airspeed Is adjusted to equal the vertical
rate of descent of the model end the model is thus kept at
a fixad height until recovery is attempted. Recovery is
generally attempted by reversal of the rudder alone from
full with to full against the spin, although the mechanism
1
may be arranged to move any or all of the controls. Tho
recovery is judged by the number of turns from the move-
ment of the rudder to the cessation of the spinning rota-
tioxl. The effect cf aileron setting on the spinning
characteristics ID usually evaluated by a comparison of
#
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the. number of turu~s ne.c$,.eBaryfor recoverF by rudder” re-
versal alone from aplns for- wtileh,”for example, the ‘ailer-
ons are set (not moved) with the spin (right aileron up
In a right spin) and the number of turns necessary for
recovery from spins for whioh the ailerons are set agalnfit
the spin. Results of spins in which the elevator is full
up are compared with results obtained for spins with ele-
vator neutral or full down. In a few Instances, for the
speolal teet~, the effects of aileron and elevator eet-
tinga have been based on a aompariaon of the vertical
speed and the attitude of tho steady spin.
The modele tested in the spin tunnel have covered a
wide range of dimensional and mass characteristics and
Include seaplane and landplane, biplane and high- and low-
wlng monoplane typeB, and multiengined and single-engine
designs. The 19 models used iu the special tests repre-
sent different types. Yor the special tests, the mass
characteristics wsre varied b~ moving ballast weights
, , from either the wing tips or the fuselage extremities to
1the center of gravity ok by moving ballast weightm toeither the wing tips or the fuselage extremities from thecenter of grav3t?, the position of the center of gravitybeing kept constant.
.—-
.,
RESULTS
The data analyzed are presented in figures 1, 2. and
3. These figures are an attempt to repreeent graphically,
by a single point, the important mass-distribution char-
aoteristlcs of each model. In table S the models are
given numerical designations to permit their identifica-
tion in the figures.
F In the Euler equations of motion, the influence of
the mass distribution depends on three factors: 1=- Iy,
a
Xy - 12, and IZ - Ix, where xx, Iyo and IZ are the
i
moments of inertia about the X, Y, and Z body axes,
respectively. For presentation in the figures, these
f factors have been made nondlmonsional by dividing by mba,
,..
where m ie the mass and b Is the span of the airplane. “
,
The parameter
figures. This
12 - Ix
was taken as the ordinate for the
mbe
parameter is a factor affecting the inertia
— —.—
pitching moment and increases when mass is added .along the
Iy - lZ 18 the fac 0fuselage. The abscissa —0— t r affecting
mb
the inertia rolling moment and the negative values numer-
ically increase as weight is added along the wings. Inas-
much aa the sum of the three mace parameter in equal to
Ix - Iy
sero , the value of the third parameter, —— 9 may be
mb n
indicated by a third ncnle at 45° to the ordinate and ab-
aciOOa 0cale09 This third parameter is a factor affect-
ing tha inertia yawing moment, the large posit~ve valuee
Indicating that the mass distrihutlon is chiefly along the
-!. wings and the large negative valuee indicating that the
maes distribution Is chiefly along the fuselage, The three
k+ kxa
parameters may aleo be written ae D
~xfi - ~ya ba
and -— respectively, where kxc ky,
ba ‘
the radii of gyration about the X, Y, and Z
respectively.
‘~ *
and Isz aro
axes,
= Figure 1 shows the effect of nileron eetttng on the
recovory characteristics aO indicnted by routine tests.
Aileron data were av~ilable for only 53 of the modole.
The type of points used to des!gn-te the different mcdele
indicates whether setting the ailerons with the spin or
against the spin reducad the turns for recovery. 3’igure
2 gives similar Informat!.on for the elevator, dnta being
avnllnble for 60 of the models. The points indicate
whether elevator-up settings or elevator-down settings
are more favorable for recov?ry. Figure 3 prcse.nts the
results of spccinl tests of 19 models ~ith altered mass
distri?mtion. In this figure, different mass errangem~nts
of the same model are represented by the same number and
the letter ‘Ian Is (3Lp10y6dto denote the altered or e.baor-.
mal loading condition. The symbols indicate the effects
of both ailerons and elevator settings.
DISCUSSION
~riterio~ for prediction of coritrol effects.- An in-
—.—— .——
spectl=f the figur~ shows a distinct group~;g of the
points representing the different sffects of control
6-. ., settings. Partial separation of .th.ep.ffects is obtained
by independent eonsideratiou of each of the three mase
II
parameters. The most complete separation, however, appeare
to be given by consideration of the inertia yawing-moment
//
Iy - Ixparameter l
mba
Examination of figure 1 indicates that at a value of
the inertia yawing-moment parameter
Ix - Iy of
-60 x 10:4
mbB
almost complete oe?aratio= of the aileron effects takea
place. For larger negntlve values, ailerons with the spin
usually hnd a favorable effect on the recovery c!haracter-
Istlcs and ailerons aga{nst the spin hed an unfavorable
Offect. As the parameter value of -~ x 10-4 was ap-
pronchml, instances were observed There aileron setting
had no noticeable effect on the recovery characteristics.
~or negative values of the parameter numerically smaller
than -50 x 10-4 and for positive values, the aileron
effect reversed HO that aileron settings against the spin
had a favorable effect on recoveryt whereas aileron set-
tlufls ‘~ith the spin were detrimental. In the vicinity of
this reversal value, a critical region existed for which
it appears that only slight variations in mass distribu-
tion may completely reverse the aileron effect. An excon-
tion to the general rule was obtained In this region in
o~ly one instance.
!Che effect of elevator settings, according to the
data of figure 2, tends to reverse in the neighborhood of
n value of the yawing-moment parameter of zero. There ap-
pecrs to_~e a critical region between tho values of
+20 x 10 In which the effect of elevator settlnge may
be in either direction. For negative v+ues of the param-
eter numerically greater than
-20 x la , elevator-up
I
settinge were usually conducive to most rapid recovory.
In eeveral instances, however, for models that gave either
very flat or very steep spins~ the elevator setting had
little or no effect.
_~or positive valueo of the parameter
greater than 20 X 10 on the other hand, elevator-down
[
settings were very defl;ltely instrumental in effecting
aatlafactory recovery. In an extreme case, no recovery
could be obtained from the elevator-up, aileron-neutral
Bpin by full rudder reversal alone; whereas movement of
the elevator alone from the full-up to the full-down poel-
\tion gav6 satisfactory recovery.1
.—
6
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The data from the epecial teata for 19 models, g~ven
in “figure 3, appear to prove that the reparation indicated
for elevator and aileron effects in figureO 1 and 2 depend
predominantly on the mass distribution of the models rath-
er than on aerodynamic factors. The 19 models tested are
believed sufficiently representative of different airplane
types to permit a generalization of the conclusion. EodBl
15, for example, represents a lightly loaded, single-en-
gine reconnaissance monoplane whereas model 6 represents
a high-epeed, heavily loaded, t.wln-ongino attack airplane.
It muet be appreciated that aerodynamic factors maY modi-
fy the results for some combinations of maBs arrangement
and extreme aerodyncmlc ?.e.signto the extent that the con-
trol effects may be dictated by the aerodynamic character-
tetlcs.
Sequence of control meninulation for recov~.- Tho
——-——.———. —-c-
onclusions drawnm from the figures are particularly sig-
nificant in that they indicate that the relative iqor-”
tame of the different airplane controls for recovery from
the spin may change r~dlcally between airplanee qf differ-
ent types. Prior to the recent extended application of
wing armament for combat types, airplaae structural design
procedure was such that tho airplane was characterised
structurally by relatively light wings. Practically all
the disposable load was cerriod In tho fuselage, although
soue gasollnc might be carried near the center of the
wings. These char~.cteristics at-ill apply to the prlvate-
ownor class of airFlanes. This structural arrangement of
the airplane results In e maso loading chiefly along the
IZ- IX
fuselago and the vze.lueof — will tend to be largo
mb8
and positive, whllo the value of the inertia yawing-moment
IX - 1* ie negatl~e.parameter — The installation of
mba
wing engines tends to increase the weight along the wings
aud it can therefore ganerally be assumed that multlenglne
airplanes have high negntive values of the parameter l\
‘,\
~. \, Z,#,A
Ix - Iy
and posit tve values of the parameter —O ‘,\A* El.I ‘./ -k
,$
“ Present-day military design of single-engine e irplnnea is
also toward heavy wings. The desire for Increased range
has tncroasod the amount of gasoltne cnrrled in tho wings.
Guns and ammunitio~ ere carried outboard of the propeller,
and the metal wings with tho mechenism for retracting the
. ‘7
landing gear-are inh~erently heavier than in older designs.
... ..-, ,,- ,.,-
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The results of the model tests chow that; for the
earlier single-engine militar$ design and the present-day
privately o~ned airplanes, the rudder Is generally the
predominant oontrol for recovery from the apln and that
full rudder reversal is the moat effeetlve control manip-
ulation. Movement of the elevator to the down position
before the revergal of the rudder tends to shield the rud-
der and retard recovery; whereaa, mowement of the elevator
after the rudder has been completely reversed and rotation
has begun to S1OW up may offer a favorable pitchl.ng moment,
tending to aid recovery without adveraely affecting the
rudder aat.ion. Movement of the elevator alone rarely gives
reaovery. Because high rates of descent will probably be
associated with recovery with full-down elevator, the amount
the elevator IS moved down will depend on how much assist-
ance is needed from the elevator to producd a satisfactory
recovery. The effect uf ailerons will be contrary to the
effects expected in normal flight and holding the ailerons
against the spin will retard recovery; whereas holding the
ailerons with the tapln will assist recovery.
Yor multiengined airplanes and for the more recent
single-engine military designs, the elevator tends to be-
come the predominant centrel for recovery. The movement
of the elevator down ta essential to e rapid recover:.
Rudder reversal; alth~ugh of less importance than eleva-
t~? heversal, will generally improve recovery. Alleroz
‘powitlon Is critical and aileron settings =Ith the spin
may greatly retard recovery; whereas aileron-against set-
tings will be favorable. Jill controls for airplanes of
these types have the effecte that would be expeoted of
them la =ormal flight.
It may be said in summarizing that, for airplanes of
relatively light loading along the wings, full rudder re-
versal before moviag the elevator down 5s Imperative; mov-
ing the elevator down after the rudder reversal ta dealr-
able. For airplanes heavily loaded along the wings, mov-
ing the elevator down is .Imperative; full rudder reversal
ao lB desirable.
bnnl Ioation to fl~l~ht.- The values of the criterion
at which the aileron and elevator effects In the spin
revertae, as shown by the f~guree, apply strictly to mod-
ele only. The general conclusions, however, should be
applicable to flight, although, because of possible scale
..,1 m
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effects, the reversals may occur in flight sit somewhat
different values of the criterion than are indicated by
the tunnel data.
The meager comparative flight data available indicate
that the valuee for the reversal of aileron and elevator “
effects will ~robably be chaagod somewhat but there are
not enough full-scale data avr.ilable to fix the flight val-
UQS l .It is desirable that more flight data be obtained in
an effort to establish definitely the vuluee in flight at
which the aileron and elevatcr effects reverse.
Explanation of mass effects.- A possible explanation
—.-.
of the dependence of the effectiveness of t-he elevator .
nnd aileroce on the maoa .dlstributlon is presented briefly”.
Tho applicati-on of Euler~s dynamical @quations to the
case of an u.irplnne In a steedy spin gi-wcs, for the inor- “
..._
u
tia yawing moment abcut the body axis, thk e~ression
“f?
m (IX - Iy) sin~ cos u~= .
----
-- —....-........-----””-
where
J$’n$ la the angle of wing tilt to the horizontal,
~< 4/. .positive when right ~iug Is dom
%4;,T”:J-~77*,.LT angle of attack// n angular velocity ebout spin axis
For a spin in any given direction, the algebralo sign of
the inertia yawing moment depends only on the algebraic
signs of Ix - Iy and the nngle @ . In a right spin,
the tunnel results Indicate that setting the ailerons with
the spin leads to a positive value for ~: whereas setting
the ailerone against the spin leads to a aegative value
Ofo. lfor models loeded so that IX - Iy is negative,
setting the ailerons with the spin will produce a favor-
able effect In that the inertia yawing monent will be neg-
ative and will act to turn the eirpln”ne awa~ from the di-
rection of rotation (against the spin) , Conversely, for
deeigns where Ix - Iy is positive, “ailerona set with the
s~in uI1l produce an inertia yawing moment In the direction
of the spin. The fact that, for the results presented In
chart 1, the revereal of aileron effect does not take place
when Ix - Iy is sero can be attributed tc secondary
9.. . . . . .
aerodynamic factors. A “stmi’l~r“e~lari=t ihri ~“ tW&p~lled
to the elevator effect, ao the model resultta Indicate that
setting the elevator up ueually leads to a ponltive value
of @ and elevator down to a negative value of @ for
a right spin.
.
fior the present, only the qualitative effecte of the .
controls are aoneldered. Mo atteinpt. ls made to predict
the magnitude of theee effects which are probably influ-
eneetl by many secondary factora~ euch am the autorotation
charaoterietice of the wings or the yawing moment due to
sldeslip. The values of the Inertta pitching and rolling
moments alao undoubtedly influence the spin and recovery
characteristics, although on the basis of existing data
they do not appear to be of primary Importance in the pro-
duction of the direction of the control effectm.
00I?CLUDIHG REMARKS
Data preeented indicate that mass distribution 18 a
primary factor In determining the dlrectlon of aileron
and elevator effects in recovery from the spin and that
the directions of the effects and the optimum control pro-
cedure for recoverye therefore, may be predicted qualita-
tively on the basis of the mass-distribution parameter.
When the airplane design elmulatee that of the ear-
lier single-engine airplane, with mass distributed chiefly
along the fuselage, aileron-with and elevator-up settings
oan be expeeted to ald recovery. When the deeign approaches
that of a multiengined airplane (or the newer single-eng~ne
airplane with wing tanks and wing armament), with mass dia-
trlbuted chiefly along the winge, aileron-against and ele-
vato~down settlnge will be conducive to the mont rapid
recovery.
From the normal control configuration for aplnning
(rudder full with, elevators full up, and ailerons neutral) ,
the most rapid recovery for any airplane will generally be
obtained by full, rapid rudder revertaa-1 followed lmmediate-
lY by rapid movement of the elevators to the full-down po-
sition and of the ailerons in the direction determined by
the mass criterion. For airplanes loaded chiefly along
:1
I
f]g~r: 1,– Prediction of aileron effect,
d ,ring recovery, by use o;
ma:.- Fo-ometer.
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Figure 2.- Prediction of elevator
effect, during remvew
bj use of mass parameter.
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